We compared habitat use of two sympatric species of bat in a rural area undergoing suburban development. The two species are similar in diet and foraging-habitat use but differ in current roosting habitat, and exhibit contrasting regional population trends. Evening bat, Nycticeius humeralis (Rafinesque, 1818), populations are declining in central Indiana, whereas big brown bat, Eptesicus fuscus (Beauvois, 1796), populations are increasing. We assessed habitat selection by 22 adult female bats using radiotelemetry and compositional analysis. Eptesicus fuscus used several roosts across the study area; all but one roosted in human-made structures. Nycticeius humeralis clustered roosts within a small group of woodlots; all roosted in tree cavities. Eptesicus fuscus foraged for longer periods of time and nonreproductive individuals of this species had larger foraging ranges than N. humeralis. Both species foraged primarily in agricultural and wooded areas. During foraging, N. humeralis showed greater foraging-site fidelity and a stronger selection for agricultural and wooded areas than E. fuscus. We suggest that N. humeralis in our study area is probably more sensitive to suburban development near their roosts than E. fuscus.
Introduction
The response of populations of insectivorous bats to urban environments has been mixed and is likely species specific. In urban areas, a lower diversity of bats usually occurs and population declines of some remaining species have been recorded (Kurta and Teramino 1992; Gerell and Lundberg 1993; Gaisler et al. 1998) . The negative impact of urban areas has been attributed to the lack of vegetation and the associated insect fauna (Gerell and Lundberg 1993; Gaisler et al. 1998) . Although prey abundance and insect diversity is lower in developed areas (Faeth and Kane 1978; Blair and Launer 1997) , some species of bat remain common in urban environments (Rydell 1992; Gaisler et al. 1998; Svensson and Rydell 1998) . These species exploit buildings as roosting resources (Pierson 1998; Racey 1998) and the increased insect abundance near street lamps while foraging (Rydell 1992; Svensson and Rydell 1998) . Understanding how species use developing areas and what habitats are most important should help us to understand why some species thrive in urban areas and others decline. To this end, we compare the habitat use and selection of two species of bat at a location where both urban and rural-agricultural areas are available.
Regionally, these two species differ in the environments where they typically occur. The big brown bat, Eptesicus fuscus (Beauvois, 1796) , roosts commonly in human structures in both rural and urban areas (Whitaker et al. 2002) .
Although the original known populations of evening bats, Nycticeius humeralis (Rafinesque, 1818), were known from building colonies (Whitaker and Gummer 1993; 2003a) , the current known populations in Indiana are from isolated colonies that roost exclusively in trees and are found primarily in bottomland forests near major rivers (Whitaker et al. 2002; Gummer 2003a, 2003b) . Indiana is at the northern periphery of the range of N. humeralis (Watkins 1972 ) and might represent a more challenging environment compared with the southern United States where the species is common. For Indiana and adjacent Illinois, Gummer (1993, 2003a) noted a decline in the number of N. humeralis roosts located in buildings since 1961. This decline corresponds to a decline in the number of individual N. humeralis submitted for rabies testing in Indiana Gummer 1993, 2003a) and an increase in the population of E. fuscus (Whitaker et al. 2002) . Given the widely scattered but seemingly robust populations of N. humeralis in bottomland forests, Whitaker and Gummer (2003a) hypothesized that building colonies of N. humeralis represented a spillover population from the original bottomland forest communities and that E. fuscus was out competing N. humeralis for building roosts.
The possibility of competition between these two species also exists during foraging because of their similar prey (Whitaker and Clem 1992; Whitaker 1995) . The diets of both species consist primarily of hard-bodied insects, with the spotted cucumber beetle (Diabrotica undecimpunctata howardi Barber, 1947) making up the bulk of the diet of both species in Indiana during late summer (Whitaker and Clem 1992; Whitaker 1995) . Additionally, both bat species have shown an overlap in previously observed foraging habitat, using waterways, edges of woods, and agricultural fields (Geggie and Fenton 1985; Wilkinson 1992; Clem 1993) . However, no studies prior to the present study have examined habitat use where these species co-occur.
When comparing these two species, we looked for differences in habitat use that would allow E. fuscus to better persist in a developing urban environment than N. humeralis. We looked also for differences in the importance of rural and urban habitats during foraging as measured by habitat selection.
Specific points of comparison were as follows: (i) roost locations across the study area, (ii) area used and time spent foraging, (iii) orientation of foraging ranges and nightly foraging-site fidelity, and (iv) habitat preferences during foraging by species and reproductive condition.
Materials and methods

Study area
This study was conducted near the Indianapolis International Airport, Indiana, between 9 May and 15 August 2001 (Fig. 1) . The area lies on the edge of suburban development and agricultural remnant areas and is crossed by four highways (interstate 70, US highway 40, and Indiana highways 67 and 267). Bats have been studied in the area since 1992 and 9 of the 12 bat species known from Indiana are present (Mumford and Whitaker 1982; Sparks et al. 1998) . Eptesicus fuscus is the most common bat captured in the study area (Sparks et al. 1998) .
Bat capture and radiotelemetry
Bats were captured in mist nets set across streams, within woods, and at wooded openings; or by hand within roosts in buildings. Capture sites for all bats were within 3 km of each other. Species, mass (g), sex, age, and reproductive status were recorded for each bat captured. Age classes, adult and juvenile, were assessed by fusion of the epiphyseal plate (Burnett and Kunz 1982; Anthony 1988) . A lipped aluminum wing band (Lambournes Ltd., Leominster, Herefordshire, England) was attached to one wing of each bat.
To determine habitat use by adult female E. fuscus and N. humeralis, we attached small 0.49-g radio transmitters (model LB-2 from Holohil Systems Ltd., Carp, Ontario, Canada; model LTM from Titley Electronics, Ballina, New South Wales, Australia) using nontoxic surgical glue (SkinBond, Smith & Nephew, Largo, Florida, USA). Mass of the bats studied were 10.5-15 g for N. humeralis and 18-27 g for E. fuscus; the 5% maximum load carried to mass of bat ratio suggested by Aldridge and Brigham (1988) was not violated. In this study, we followed the guidelines set out by the Canadian Council on Animal Care (1993) and those for the capture, handling, and care of mammals as approved by the American Society of Mammalogists Animal Care and Use Committee (1998).
Twenty-two (11 N. humeralis and 11 E. fuscus) adult female bats (Table 1) were radio-tracked using three-element yagi antennas (Wildlife Materials, Carbondale, Illinois, USA) and radio receivers (Communications Specialists, Inc., Orange, California, USA). Day roosts were located each day following the bat's release. Bats were located during their initial foraging flight from the roost using 2-4 azimuth readings from fixed positions for 2-10 nights (White and Garrot 1990) . Bearings were taken simultaneously from each location at intervals of 3-9 min. Contact between trackers was maintained using two-way radios and bearings were taken using hand-held compasses. Trackers moved positions to optimize accuracy and maintain contact with the bat. Signal strength and quality were noted for each bearing. Tracking positions were marked and later recorded with a global positioning system (GPS) unit (Trimble, GeoExplorer 3). All GPS positions were plotted on a 1998 photographic map of the area (Digital Orthophoto Quarter Quadrangle (DOQQ), United States Geological Survey (USGS)) and checked for errors using visible landmarks.
Following the initial foraging flight, reproductive bats were checked every half-hour for 2 h to determine if subsequent foraging flights occurred. Using this method, secondary flights were only detected for lactating N. humeralis. On these few occasions when secondary flights were detected, they were of short duration and in close proximity to the roost. This behavior is consistent with a previous study of N. humeralis by Clem (1993) who found that only nursing females engaged regularly in multiple foraging flights and that those subsequent flights were typically of shorter duration than the initial foraging flights. We were unable to acquire locations on a moving animal because of the short duration of such flights. Practical considerations involving the unpredictable start time of possible secondary flights prevented further observations.
Foraging-range analysis
Location coordinates of a bat were determined using the program Locate™ II (Nams 2000) and entered into ArcView ® version 3.2 (Environmental Systems Research Institute, Inc. 1999). Five percent of outlier locations were removed for each bat using the animal movement extension of ArcView ® (Hooge et al. 1999 ). The total available area, foraging range, and point locations for each bat were calculated using the remaining locations. The total available area for a species was calculated by encircling the roost location with a radius equal to the maximum distance flown by an individual; the outer limits of each circle were combined. Foraging range was defined for each bat by surrounding the remaining 95% of locations with a minimum convex polygon (MCP). For statistical comparisons, foraging-range areas were squareroot transformed owing to the unequal variances. Both foraging time and transformed foraging-range values were compared between species and reproductive condition using a two factor general linear model (GLM) in SPSS version 10.0.1 (SPSS Inc. 1999). Since reproductive condition could also influence foraging behavior (Barclay 1989; Hughes and Rayner 1993; Henry et al. 2002) , we included a test for this interaction in the models. Total available area, foraging range, and point locations were overlaid onto a habitat map to quantify the amount of each habitat.
Fidelity to nightly foraging range for each bat was measured by comparing the area used each night to the total area used previously by that bat. For an individual, a MCP was drawn around each night's locations and the percent overlap was measured between the new night and the combined areas of the previous nights. Percent overlap for a night was calculated by dividing the overlap area by the total area for that night. On nights with <50% overlap, we considered bats to have used distinct areas. We excluded from consideration nights where contact with the bat was lost.
Because all N. humeralis roosts were in a single group of woodlots (Fig. 1) , the overall direction of their foraging ranges was examined. The direction of a foraging range was measured by taking the center of each foraging range, drawing a vector from the most commonly used roost, and recording the angle. A Raleigh test was used to test if directions differed from random (Zar 1998) .
Habitat measurements and analysis
To measure habitat in the study area, a land cover map was created by digitizing images from a 1998 photographic map (DOQQ, USGS) using ArcView ® version 3.2 (Environmental Systems Research Institute, Inc. 1999) (Fig. 1) . Areas not discernable from the photographic map and areas of recent development were verified in the field. Six habitat types were designated as follows: (1) low-density development (parks and isolated residences); (2) urban (primarily high-density residential and commercial areas); (3) agriculture (primarily row-crop fields with a few pastures and hay fields); (4) woods (dominated by oaks (Quercus L. spp.), hickories (Carya Nutt. spp.), and maples (Acer L. spp.)); (5) open water (ponds and small lakes); and (6) transportation (highways and airport runways). Habitat amount was quantified as a proportion in one of two ways: (1) area occupied by a habitat relative to the total area or (2) number of point locations present within a habitat relative to the total number of locations for a bat. Species comparisons regarding the proportion of habitat within a foraging range were made using Student's t tests with a Bonferroni adjustment in SYSTAT ® version 8.0 (SPSS Inc. 1998). Habitat selection by both species was evaluated using compositional analysis (Aebischer et al. 1993) . Using this method, we compared the proportion of a habitat used by a bat (measured by the area or number of points within a habitat as described in the preceding paragraph) with the proportion of that habitat which was available to the bat. Two spatial scales were examined. At a broader scale, we treated habitat within the total available area as available and those within the foraging range as used. At a finer scale, we treated habitats within the foraging range as available and the proportion of point locations within each habitat as used. Each bat was treated as one sample.
Differences in habitat selection based on species were evaluated using a full factorial MANOVA in SPSS version 10.0.1 (SPSS Inc. 1999) performed on habitat-selection values calculated from the differences between the logtransformed, relative proportions of both used and available habitats (Aebischer et al. 1993) . Both species and reproductive condition were included as initial model factors to test for the interaction between species and reproduction condition. When the species factor was significant, habitats were compared for each species individually. Otherwise habitat comparisons were performed on pooled data.
To determine what habitats were selected over others, habitats were ranked based on the number of positive habitat-selection values. A positive habitat-selection value indicated that a habitat was used more than or selected over another after accounting for each habitat's availability. The significance of these ranks was determined using a one sample Student's t test that compared each value with 0, which was the expected value for random habitat use. Both ranks and Student's t test comparisons were performed using SAS ® version 8.02 (SAS Institute Inc. 2001) via the script file BYCOMP.SAS (Ott and Hovey 1997) . Significance was determined by comparing the t statistic to a randomized reference distribution and set at p ≤ 0.05 for all tests.
Results
Roost locations and flight patterns
Day roosts of E. fuscus maternity colonies were widely spread across the study area (Fig. 1) in anthropogenic structures: four homes, one barn, and one bridge. Additionally, one group of E. fuscus females, after the young were weaned, used a series of trees within the same group of woodlots used by N. humeralis. Colony size was 11-180. Although mostly in anthropogenic structures, roosts were in a variety of habitats, including urban, low-density development, agricultural, and woodland areas. All E. fuscus were faithful to their original roost while their transmitter was active and the minimum distance between roost locations was 1 km (Fig. 1) . This suggests that these roost locations probably represent seven distinct colonies of bats.
In contrast, N. humeralis roosted in cavities within 14 trees in a cluster of woodlots 300 m south of an interstate highway (Fig. 1) . Five different species of tree were used: Acer saccharum L. (2), Carya cordiformis (Wangenh.) (1), Carya ovata (Mill.) K. Koch (5), Fraxinus pennsylvanica Marsh. (1), and Quercus rubra L. (3). There were 2-100 bats in a roost. Nycticeius humeralis occupied a roost, on average, for 1.8 ± 0.4 days (n = 11 bats) prior to moving to a new roost. A large bitternut hickory, C. cordiformis, was most commonly used, being used by 8 of 11 N. humeralis for a total of 20 nights. Given the close proximity of all roost locations (Fig. 1) , and the frequent switching and reuse of roost sites, these roost locations probably represent one colony of bats.
Along with contrasting roost selection, N. humeralis and E. fuscus also differed in the nature of their flight patterns. Eptesicus fuscus flew for a longer time during their initial nightly foraging bout than N. humeralis (F [1, 18] = 10.919, p = 0.004), averaging 135 ± 9.0 min (mean ± SE). Nycticeius humeralis flights averaged 94 ± 5.8 min during their initial foraging trip. Reproductive condition had no effect on length of time for initial foraging flight (F [1, 18] = 0.693, p = 0.416). Species differences in foraging ranges were dependent on the reproductive condition (F [1, 18] = 5.114, p = 0.036). A Tukey's post hoc comparison test revealed that reproductive bats of both species had similar foraging ranges, averaging 2.70 ± 0.49 km 2 (n = 4) for E. fuscus and 2.47 ± 0.36 km 2 (n = 7) for N. humeralis (p = 0.999). Nonreproductive E. fuscus had larger foraging ranges (19.03 ± 5.58 km 2 , n = 7) than both nonreproductive N. humeralis (4.03 ± 1.47 km 2 , p = 0.018, n = 4) and reproductive E. fuscus (p = 0.007). For N. humeralis, foraging ranges of reproductive and nonreproductive individuals did not differ (p = 0.945).
Nycticeius humeralis showed a significant directional preference for foraging ranges (z [10] = 6.686, p < 0.001). Mean angle was 52°± 29°and it pointed away from most residential development (Fig. 1) . Individual N. humeralis rarely used distinct areas on separate nights. Only two N. humeralis used areas distinct from previous nights and each did so only once. All individuals of N. humeralis returned to the roost at the end of each flight, and did not night-roost before returning to their day roost. Although caught in the same area as N. humeralis, E. fuscus used more of the surrounding landscape during its flights, including areas used by N. humeralis (Fig. 1) . All individuals of E. fuscus had at least one night when part of their foraging area was distinct from previous nights. Additionally, 6 of 11 E. fuscus night-roosted before returning to their day roost.
Foraging-habitat preferences
Both species foraged mainly in agriculture fields, woods, and urban habitats (Fig. 2) . Eptesicus fuscus used more low density residential than N. humeralis (Fig. 2) . At the broader scale of the foraging-range establishment within an available area, bats were selective of habitat (F [5, 14] = 17.89, Λ = 0.135, p < 0.001). Habitat selection differed between species (F [5, 14] = 3.72, Λ = 0.43, p = 0.024). Reproductive and species-based differences were independent of each other when testing for an interaction (F [5, 14] = 1.96, Λ = 0.59, p = 0.148). Urban habitat was used below its availability by both species (F [1, 20] = 7.97, p = 0.019; Tables 2a, 2b) . Nycticeius humeralis used agriculture fields and woods above their availabilities when compared with most other habitats (Table 2a). Eptesicus fuscus used all habitats except for urban according to their availability (Table 2b) .
At the finer scale of habitat use within the foraging range bats were also selective of habitat (F [4, 12] = 8.45, Λ = 0.26, p = 0.002). However, no differences were found among species or reproductive condition (F [4, 12] =.90, Λ = 0.770, p = 0.496; F [4, 12] = 1.00, Λ = 0.75, p = 0.442). Both species displayed a lower preference for open water (Table 3) .
Discussion
On the edge of suburban development, N. humeralis and E. fuscus used similar proportions of most habitat types, but differed in the importance placed on each type as measured by habitat selection. The proportions of the habitats primarily used by both species were statistically equivalent, indi- Note: Ranks represent the importance of each habitat in descending order from most to least important. Significant p values indicate an actual difference between the ranks of two habitats, whereas the ranking indicates the direction of this difference. Significance was determined by performing a Student's t test on each log-transformed ratio of habitat used/habitat available and by comparing the t statistic with a randomized reference distribution. Table 2 . The ranks and pair-wise comparison of foraging-habitat selection by the two bat species for habitats used within the total available area.
cating that despite differences in roosting habitat both species rely on similar habitats during foraging. As expected, urban habitat was least important to both N. humeralis and E. fuscus during foraging. However, based on habitat-selection measures, agriculture and wooded habitats were more important for N. humeralis than for E. fuscus.
Urban areas could have a number of negative impacts on bat foraging, including low insect abundance and diversity (Faeth and Kane 1978; Blair and Launer 1997) and increased bat mortality owing to vehicular traffic (Lode 2000) . Although both species used similar proportions of urban habitat, it should be noted the nature of these urban habitats may not be equivalent. Eptesicus fuscus crossed large continuous blocks of urban habitat to reach more heavily used habitats of agriculture and woods. Urban habitats used by N. humeralis were smaller blocks of ongoing warehouse development fragmented by agricultural fields. Thus, N. humeralis did not cross substantial blocks of urban development to reach more heavily used foraging habitats.
Additionally, open water was avoided by both species within their foraging ranges; however, we did not necessarily interpret this as the water sources being of little value during foraging. Many studies on a variety of species have indicated increased bat flight activity near sources of water (de Jong 1994; Zimmerman and Glanz 2000; Everette et al. 2001) . Open water in the present study consisted only of small ponds and lakes; other sources of water such as creeks and streams were included within other habitat categories. Bats could also have used the edge of these open water sources and been detected as using the surrounding habitat.
Nycticeius humeralis established their foraging ranges with a significant directional preference. Additionally, they showed greater foraging-site fidelity than individual E. fuscus. Neither of these patterns is necessarily consistent with the findings of a previous study involving a colony of N. humeralis roosting in a building in a rural area without urban development in Missouri (Wilkinson 1992) . Wilkinson (1992) found that N. humeralis foraged in "all directions" from the roost and that individuals seemed to adapt to ephemeral insect populations by following successful foragers from the previous night, thus changing their foraging sites to improve foraging success. Given the fidelity and limited direction of foraging ranges of individuals from this N. humeralis colony, it appears that the most productive foraging sites in the vicinity of the colony are limited to a few locations.
When we place this site-fidelity behavior and stronger habitat preferences in the context of an expanding suburban development, N. humeralis in our study area seem to be at a disadvantage compared with E. fuscus. Human-induced land-cover changes are most common near urban centers (Wear et al. 1998; Wickham et al. 2000) . The reliance of N. humeralis on a few locations in close proximity to their roost seems more precarious in the face of unrestricted suburban development. The use of multiple foraging sites, as seen in E. fuscus, would seem to be advantageous, increasing the probability that at least some familiar foraging sites would remain intact. Additionally, E. fuscus may have an advantage energetically if foraging areas adjacent to a roost are developed. Because of its short wingspan and high mass to wing area ratio, N. humeralis is predicted to be a less efficient flyer than E. fuscus (Norberg and Rayner 1987) . This prediction is consistent with the shorter duration of initial foraging flights of N. humeralis. Adjacent development would probably increase commuting distance to productive foraging areas; the cost of increased flight distance should be higher for N. humeralis.
In our study, N. humeralis roosts were only found in one general location, whereas E. fuscus populations had several roosts throughout the study area. The N. humeralis colony in the present study is the only one known to be near an urban area in Indiana (Whitaker and Gummer 2003a) . Loss of potential roost sites is thought to be a major cause of bat population declines (Pierson 1998) , and forest roosts are inevitably at risk when faced with suburban development. The degradation of potential foraging habitats surrounding the roost site may also negatively impact bat populations (Pierson 1998) . Eptesicus fuscus has shown the ability to traverse less favorable areas during foraging in this and other studies (Geggie and Fenton 1985; Everette et al. 2001 ) and seems tolerant of urban development surrounding its roost sites. In contrast, we suggest that N. humeralis, in our study area, is potentially more sensitive to the degradation of foraging habitat that is caused by urban and suburban development surrounding their roosts.
